Abstract The Meiguiying mine is a famous underground coal gasification (UCG) mine in China, but there has been a potential safety hazard since it began operating, that groundwater in the overlying aquifer might enter the mine and even extinguish the gasifier. A 3-D hydrogeological model was developed to explore the characteristics of the seepage field of the aquifer and determine an optimal water pumping and injection option for the UCG. The results indicate that more attention should be paid to control induced fractures of the roof due to the increasing water level of the aquifer, and that a pumping rate of 160 m 3 /day would decrease the water level to a reasonable elevation. Moreover, to maintain the groundwater table and mine safety, 120 m 3 /day was recommended as a reasonable and economical recharge (re-injection) rate in the study area.
Introduction
Underground coal gasification (UCG) is a relatively new technology for using coal resources efficiently and cleanly (Khadse et al. 2007; Shafirovich and Varma 2009) . In China, more than 65 % of the energy consumed is from coal and 70 % of their electric power (Trinnaman and Clarke 2004) . Hence, there is a great need to develop UCG technology in China. Since 1991, China has made some strides in UCG research, and has implemented at least 16 tests (Burton et al. 2006; Li et al. 2012; Yang et al. 2013) . Liu et al. (2011) also established a mathematic and numerical model to study the phenol migration for UCG. However, the previous studies do not systematically forecast and analyze the UCG seepage fields.
The Meiguiying Mine is located in the midwest of the Inner Mongolia Autonomous Region, in China (Fig. 1) . The tectonics of the mine is simple; it has a shallowly dipping monoclinal structure with a few small folds in a single direction. There are three major faults in the area and the coal seams have not been influenced by magmatic rock. However, there is a major threat that groundwater in the overlying aquifer might enter the mine via a water-filled fractured zone and extinguish the gasifier. Therefore, an understanding of the seepage fields in the overlying aquifer and an accurate mine drainage capacity are essential to ensure safe and efficient production. This study was undertaken to determine the appropriate water level in the aquifer overlying the coal roof. A three dimensional (3-D) hydrogeological model was developed to explore the characteristics of the aquifer's seepage field and reduce the likelihood of water inrush. An optimal water pumping and re-injection plan was also developed.
Hydrogeology of the Meiguiying Mine
The study area is mostly Cenozoic and Mesozoic sedimentary rocks, and the strata are, from bottom to top, a Paleogene sandstone and sandy mudstone formation, a Neogene basalt formation, and Quaternary alluvium; there are also Mesoarchean Erathem metamorphic rocks in the basement of the basin. The climatic characteristics in this area is semi-arid, with scarce precipitation; the groundwater recharge in this area mainly comes from infiltration of precipitation and pore-fissure water into the bedrock. The runoff direction of the groundwater is consistent with the terrain, which slopes from north to south.
The Huerjing Group of the Paleogene is the main coal measure strata. According to the exploration and survey data, the Neogene basalt contains many cavity fractures, and is the main aquifer overlying the coal roof in that it has a high water yield. The mudstone that lies between the basalt and the coal seam is the main aquiclude.
Methodology Numerical Simulation Using MODFLOW-2000
Hydrogeological data of the Meiguiying mine were available in Autocad and Longruan GIS format. We converted the datasets to shape-files using ArcGIS9.3 for the boundary conditions and the hydrogeological characteristics to establish a MODFLOW-2000 (Harbaugh et al. 2000) model for this study. MODFLOW (McDonald and Harbaugh 1988 ) is a 3-D finite-difference groundwater model for a porous medium designed by the U.S. Geological Survey (USGS). MODFLOW-2000 was designed to accommodate the solution of other equations in addition to the groundwater flow equation (Harbaugh et al. 2000) .
Discretization and Generalization of Boundaries and Seepage Flow
Regional groundwater flow varies with space and time (unsteady), reflecting spatial heterogeneity. Thus, a transient model was required. Based on an analysis of the conceptual model and the existing datasets, the model was automatic divided into 10,000 grids (100 9 100). Based on the seepage flow characteristics of the aquifer and the stratigraphic structure, the boundaries were grouped into different specified flux boundaries. The north boundary is regarded as the recharge boundary and the southern border is considered to be the discharge boundary. The eastern and western boundaries were assigned to be impermeable. The groundwater flows generally from north to south; the northern initial water level was 1337 m and the southern was 1334 m. 
Treatment of the Simulation Period
The flow field in January 2007 was designated as the initial flow field for the groundwater resource; the flow field in January 2009 was designated as the fitting flow field, with those 2 years serving as the simulation period, which was divided into 90 day stress periods. Each stress period contains several time steps, which was automatically controlled by the model.
Calibration of the Model and Evolution of the Aquifer Seepage Field
The observed data of observation wells (g1, g4) were used to calibrate the model. Figure 2 shows the fitting chart of observation well g1 (a) and g4 (b). The calculated and observed values agreed well, indicating favorable predictive ability.
Results and Discussion
Figure 3a, b showed the simulated water levels in two different scenarios: before (a) and after ignition (b). Initially, the simulated water level at the cone center was 1281 m; however, the simulated water level at the cone center was changed to 1294 m because ignition generally increases groundwater pressure in the roof strata. This greater water pressure would push the water in the aquifer into induced fractures, and thus into the mine. Therefore, long-term and dynamic observation of water levels in this aquifer is necessary. To decrease the water level, we incorporated two dewatering wells (C2, C3), one on both sides of the gasification zone, and simulated the water level at different pumping rates. Of course, groundwater recharge had to be considered to maintain a groundwater balance. For that, we incorporated a well (Z1) that re-injected the pumped water at a down-gradient distance exceeding 150 m from C2, and explored the characteristics of the seepage field of the burn zone. The Fig. 3 The simulated water levels of the roof aquifer in different scenarios: a before and b after ignition
/day extraction rate, without (a), and with (b) a recharge well with an injection rate of 120 m injection water volume was determined based on the amount of groundwater being extracted, excluding the production water (cooling systems, gasification reaction, etc.); thus considering the production practice, 120 m 3 /day was determined as a reasonable and economical recharge (re-injection) rate. Scenarios (1)-(5) show how each dewatering well was assigned a pumping rate of 80, 120, 160, 210, or 258 m 3 /day, respectively, and how the characteristics of the seepage field combined with the recharge well was addressed:
(1) Scenarios in which the extraction rate was set at 80 m 3 /day without (Fig. 4a) , and with (Fig. 4b ) recharge wells with an injection rate of 120 m 3 /day. Without a recharge well, the water level of the cone center of well C2 was 1190 m, and the water level of the cone center of well C3 was 1188 m; incorporating the recharge well, the water level of the cone center of well C2 changed to 1191 m, and the water level of the cone center of well C3 changed to 1188 m. with an injection rate of 120 m 3 /day. Without the recharge well, the water level of the cone center of well C2 was 1172 m, and the water level of the cone center of well C3 was 1160 m; when considering the recharge well, the water level of the cone center of well C2 changed to 1175 m, and the water level of the cone center of well C3 changed to 1164 m. Figure 4 and Supplemental Figure 1-4 show that the water level of the gasification zone was reduced by an increased pumping rate and was lowest when the extraction rate was 258 m 3 /day. When the extraction rate was increased from 120 to 160 m 3 /day, the water level decrease was obvious, while increasing the pumping rate beyond 160 m 3 /day produced a more subtle decrease. Since a water level of 1175 m satisfied the safety envelope for UCG, 160 m 3 /day was considered an optimal pumping rate for the operation (Xu 2014) . Incorporation of a recharge well affected the seepage field a little in each scenario, but there was no substantial increase of the water level around the gasification zone, especially near C3, which was the main burn zone. Therefore, it was deemed scientifically sound and economically prudent to incorporate a recharge well (Z1) with a rate of 120 m 3 /day to maintain the groundwater table. The parameters (hydraulic conductivity or permeability, specific storage coefficient, etc.) used in our model didn't consider the influence of temperature, which might have affected the seepage field characteristics. Differences exist between longwall mining and UCG, due, for instance, to the lithological effects of incomplete burning and the ignition temperature. Previous studies have reported that water pressure can be affected by temperature (Pan and Zhang 2006) , and that other parameters, such as hydraulic conductivity or permeability and storage coefficient, are greatly dependent on temperature and pressure (Huang and Rudnicki 2006; Yang and Zhou 1995) . Younger (2011) also found that the high buoyancy of the syngas relative to groundwater can heat groundwater around the burn zone. Thus, high temperatures and increased pore-water pressure do affect the parameters used in our model; however, the lack of accurate temperature datasets around the burn zone makes it difficult to develop a model that can be used to explore the characteristics of the UCG seepage field. More studies that focus on how temperature influences seepage are needed.
Conclusions
This study explored the characteristics of the aquifer overlying the burn zone for UCG in the Meiguiying Mine and discussed optimization of mine drainage capacity and water re-injection for a safe operation. The following main conclusions were reached:
(1) In the UCG process, the water level of the aquifer overlying the burn zone could be increased by ignition, and the groundwater in the aquifer overlying the coal roof may flow via the induced fractures into the coal seams, which could extinguish the gasifier. Long-term monitoring of the water level and control of induced roof fractures are necessary. (2) Considering both mine safety and economics, the optimal water extraction rate should be about 160 m 3 /day, and a reasonable water level in the aquifer above the main burn zone should be about 1175 m. (3) The seepage field of the aquifer overlying the burn zoon was analyzed under two scenarios: with and without a recharge well. The seepage field of the burn zone was only affected slightly when a recharge well rate of 120 m 3 /day was assigned.
In this paper, the seepage field of the overlying aquifer of the gasification was discussed using numerical simulation; however, the issue is complicated and needs more attention.
